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Abstract

The soil water assessment tool (SWAT) is a hydrologic model originally developed to evaluate water resources in large
agricultural basins. SWAT was not designed to model heterogeneous mountain basins typical of the western United States, and
as a result, has performed poorly when applied to mountainous locations. The intent of this study was to increase the versatility
of SWAT by developing the capability to simulate hydrology of a non-agricultural mountainous region with a large snowmelt
component. A western Wyoming basin, representative of Rocky Mountain basins, was selected to evaluate model performance,
identify governing hydrologic processes, and improve the snowmelt routine. An initial evaluation of SWAT performance
indicated an inability of the model to represent snowmelt processes. Based on simulation results and field observations,
algorithms were developed which use elevation bands to distribute temperature and precipitation with elevation. Additional
routines which control snowpack temperature, meltwater production, and areal snow coverage were designed to simulate the
influence of season and elevation on the evolution of basin snowpack. The development of the new snowmelt algorithms
improved the average annual Nash—Sutcliffe R correlation between simulated and observed Wind River streamflow from an
initial value of —0.70 to +0.86. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction importance of large-scale simulation of mountain

hydrology.

Mountains can be the source of a large fraction of
annual streamflow in river basins. Therefore, accurate
simulation of hydrologic processes in mountains at
large scales is important for water resource manage-
ment and for local and regional economies. Recent
interest in estimating impacts of potential climate
change on water resources has also indicated the
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Large-scale hydrologic modeling in mountainous
terrain is difficult because extreme elevation gradi-
ents, inaccessibility, and low population densities
contribute to poor data resolution (Davis and Marks,
1980; Marks et al., 1992). Two of the more dominant
mountain hydrologic processes, snowfall and snow-
melt, also complicate the simulation of mountain
hydrology (Luce et al., 1998). Orographic enhance-
ment of precipitation produces significantly greater
quantities of precipitation in mountain ranges than
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on the adjacent basins and plains (Barros and Letten-
maier, 1993; Hartman et al., 1999). In addition, a large
percentage of precipitation falls as snow because
mean temperatures decrease with elevation. Large
volumes of water are stored in snowpack and subse-
quently released during spring and summer snowmelt.
This cycle of water storage and release can be critical
for agricultural economies, urban water supplies,
groundwater recharge, hydropower, wildlife habitat,
recreation, and navigation.

The importance of snowmelt in mountainous
terrain has led to significant research in snowmelt
modeling. Many models that deal strictly with snow
accumulation and snowmelt have been developed
(Martinec, 1960; Anderson, 1968, 1976; Rango and
Martinec, 1979; Bloschl et al., 1991; Jordan, 1991;
Garen and Marks, 1996; Coughlan and Running,
1997). Models range from complex energy balance
models to more simplistic degree day based models.
Rango and Martinec (1994) compared seven snow-
melt runoff models and found that some of the models
performed to a high degree of accuracy. However,
these models are snowmelt models and do not
model the entire surface and sub-surface water
balance.

Models that deal extensively with snow accumula-
tion and snowmelt in the simulation of total water
budgets include the precipitation-runoff modeling
system (PRMS), regional hydro-ecologic simulation
system (RHESSys), and variable infiltration capacity
(VIC) model. The United States Geological Survey
(USGS) PRMS is a model designed to evaluate
impacts of various combinations of precipitation,
climate, and land use on streamflow, sediment yields,
and general basin hydrology (Leavesley et al., 1983).
RHESSys computes water and carbon budgets of
terrestrial ecosystems (Band et al., 1993). The VIC
model (Wood et al.,, 1992) simulates macroscale
spatial variability of infiltration and runoff production
as a spatial probability distribution. VIC has been
used for long-term water supply and flood forecasting.

Although models exist that include snow processes
with simulation of water balances, options are limited
for application of these models in large river basins
with limited data. Examples of these applications
include water resources management, agricultural
management, and evaluating impacts of potential
climate change on water resources. An existing

model that is capable of these types of analyses is
the soil water assessment tool (SWAT). SWAT was
initially developed for comprehensive modeling of the
impacts of management practices on water yield, sedi-
ment yield, crop growth, and agricultural chemical
yields in large ungaged basins (Arnold et al., 1998).
SWAT is one of the few models that are designed to
simulate water resource and agricultural issues at
scales up to continental size without excessive data
and calibration requirements.

During applications of SWAT for evaluating
impacts of potential climate change on the water
resources of the Missouri River Basin, it became
apparent that the uncertainty associated with the
hydrologic simulations in high altitude subbasins
needed to be explored (Fontaine et al., 1999; Hotch-
kiss et al., 2000). Inadequate performance of the
model in mountain basins was also reported by Arnold
et al. (1999). Therefore, experiments were conducted
to determine if SWAT could accurately simulate snow
processes in large, mountainous basins. Existing algo-
rithms were revised, and new algorithms added, to
improve simulations in these conditions. This paper
describes the results of these experiments and the
revisions to the SWAT model.

2. Hydrologic model

Hydrologic modeling requires extensive amounts
of information that include climate, soil type, land
use, land cover, elevation, and geologic data. It is
difficult to efficiently obtain and use this data when
modeling large, remote, heterogeneous areas such as
mountain basins. For large scale modeling to be a
viable water resource management tool in alpine
terrain, the model should be designed to run with
relatively low data requirements and calibration
effort, and to efficiently compute long-term simula-
tions on a continuous basis.

The Agriculture Research Service of the United
States Department of Agriculture developed SWAT
to meet these requirements for successful large-scale
modeling of mountain basins. SWAT is a continuous
time model that operates on a daily time step. Model
design objectives were to predict the long-term impact
of management decisions on water, sediment, and
agricultural chemical yields in large ungaged basins
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with little to no calibration effort (Arnold et al., 1998).
Due to the intensive data collection and data file crea-
tion efforts involved with large scale modeling,
SWAT is designed to use the graphical resources
analysis support system (GRASS) geographic infor-
mation system (GIS) for the extraction of parameter
values and model input data from various map layers
and databases for large scale modeling. Data extracted
and written to model input files include topographic,
land use, soils, weather, and management informa-
tion.

SWAT has been described in detail in many other
references, including Arnold and Allen (1996) and
Arnold et al. (1998), and therefore only a brief
summary is given here. Model components include
hydrology, weather, sedimentation, soil temperature,
crop growth, nutrients, pesticides, and agricultural
management. The computation of hydrologic
processes operates in five phases: (1) precipitation
interception, (2) surface runoff, (3) soil and root
zone infiltration, (4) evapotranspiration and soil and
snow evaporation, and (5) groundwater flow. A water
balance equation calculates the change in soil water
content (ASW) as:

ASW = (P — Q — ET — DP — QR) 1

where P is the precipitation, Q the runoff, ET the
evapotranspiration, DP the percolation, and QR the
return flow.

Surface runoff volume is estimated by an enhanced
Soil Conservation Service (SCS) curve number
method. Average curve number values are derived
from the relationships between soils, land use,
management, and runoff. The curve number in
SWAT is adjusted at each time step based on changes
in soil water content. Soil and root zone infiltration are
regulated as a function of soil water content and field
capacity of the soil layer.

The SCS curve number relationships have resulted
from over 20 years of intensive studies involving rain-
fall runoff relationships from rural watersheds. The
method was developed to provide a consistent basis
for estimating the amounts of runoff under varying
land use and soil types. Loague and Freeze (1985)
have shown that in many cases, simpler and less
data-intensive methods such as curve number based
models may provide as good or better simulations
than more physically based models such as the

Green—Ampt model. Physically based models require
temporally and spatially disaggregated precipitation
data, and more detailed soil information, which are
not feasible to obtain or use in remote or large basins.
In addition, many applications of physically based
models end up using parameter values estimated
from empirical relationships (King et al., 1999).

Plant, soil, and snow evaporation are computed
separately as functions of potential evapotranspiration
(ET). Plant transpiration is a function of available soil
moisture, leaf area index, and potential ET. The data
needed to calculate potential ET with the Penman—
Monteith method are obtained by SWAT from a
database containing meteorological statistics for the
nearest National Oceanic and Atmospheric Adminis-
tration (NOAA) observation station.

Groundwater movement in the shallow aquifer is
represented by three processes: upward migration
(and subsequent ET), seepage to a deep aquifer, and
groundwater flow to a stream. Water percolating to
the deep aquifer is lost from the system. Both upward
migration and groundwater seepage to the deep aqui-
fer are controlled by shallow aquifer storage, and by
coefficients that regulate the rate of water loss. Lateral
groundwater flow is based on a kinematic storage
model and can recharge streamflow based on a
groundwater recession parameter that lags and regu-
lates the rate at which water is returned to the stream.

The original SWAT snowmelt component is similar
to the simple degree day method used in the
CREAMS model (Knisel, 1980). The rate of snow
melt (mm/day) is estimated as 4.57 (maximum daily
air temperature) on days when the maximum daily air
temperature exceeds 0 °C. Meltwater is treated the
same as rainfall for estimating runoff and percolation.

3. Study area

Several large mountainous watersheds throughout
Wyoming and Montana, draining into the Missouri
River Basin, were considered for this study. The
Wind River Basin was ultimately selected because
existing glaciological and snowmelt runoff research
provided informative background data. The Upper
Wind River Basin is located in west central Wyoming
and is characterized by cold moist alpine regions, dry
rugged mountains, and a dry flat basin floor (Fig. 1).
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Fig. 1. Location of the Upper Wind River Basin in Wyoming.
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Range. Basin relief is extreme, ranging from the high- terrain of the Missouri River headwaters region and
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Fig. 2. Digital elevation model of the Upper Wind River Basin.
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provides an excellent test case for evaluating and
improving the SWAT model.

The climate of the basin is heavily influenced by
topography. The Wind River, Gros Ventre, and
Absaroka ranges are major impediments to synoptic-
scale weather systems passing from the west and
northwest to the Wind River Basin. As a result,
there exists an extreme annual vertical precipitation
gradient within the basin. The greatest precipitation
amounts (up to 1250 mm/year) are found in the north-
west portion of the basin where the Wind River, Gros
Ventre, and Absaroka mountain ranges meet. Dubois,
WY (1865 m), located approximately 30 km east of
the continental divide in the narrow valley between
the Wind River and Absaroka ranges, averages only
180 mm of precipitation per year.

The majority of precipitation falls as snow in the
mountains surrounding the basin. Significant snow-
pack development begins in October. It is not until
late March—May that the snowpack begins to progres-
sively ripen and release melt water to the surface and
near surface hydrologic system. The snowmelt is
complicated by the elevation control on temperature
and precipitation, allowing for significant temporal
variability throughout the basin. As a result, the
observed monthly streamflow of the Wind River
displays pronounced seasonal cycles dominated by a
spring and summer snowmelt peak followed by mid-
winter baseflow.

Soil development and vegetative growth within
the basin vary greatly. The crest of the range
above tree line is primarily composed of exposed
granitic bedrock and some shallow soil develop-
ment supporting alpine tundra type vegetation.
Permeability is dependent on bedrock fracturing
beneath shallow soils. Glaciated and pre-glaciated
cirques are filled with freshly exposed glacial till
composed primarily of a matrix of granite clasts,
sand, and rock flour. Within the valleys below tree
line, glacial till coverage expands and vegetation
and soil development increases. Permeability on
most moderately glaciated tills is moderate to
low. Vegetation and soil development on valley
sides is dependent on slope with little to no devel-
opment on the steeper walls. The basin floor is
dry and sandy with freely draining soils, and the
land cover is primarily rangeland with sagebrush
and some areas of tall grasses.

4. Model setup

The graphical resource analysis support system
(GRASS) geographic information system (GIS) was
used to disaggregate the Upper Wind River Basin into
smaller subbasins to reduce spatial heterogeneity (Fig.
2). The five subbasins ranged from 15 to 1645 km”.

Model input data can be extracted from a variety of
internal data bases and map coverages using the
GRASS GIS interface. Data provided and extracted
by this interface include: (1) land use data obtained
through the 1 km resolution Land Use and Land Cover
Digital Data (USGS_LUDA); (2) soil type and prop-
erties from the 1 km resolution State Soils Geographic
Database (STATSGO) association map; and (3) topo-
graphic attributes from a 90 m resolution USGS digi-
tal elevation model (DEM). From these databases, and
associated tables which describe typical ranges of
physical parameters in SWAT, model input files
with parameter values were created.

Within the SWAT/GRASS database for NOAA
meteorological stations, the only meteorological
stations within the basin boundaries are located on
the basin floor and are not representative of the
basin as a whole. To compensate for this problem,
data from Snow Telemetry (SNOTEL) meteorologi-
cal stations used by the US Department of Agriculture
for the monitoring of snowpack conditions in moun-
tainous terrain were obtained through the Centralized
Forecast System database. All SNOTEL stations
within and near the basin boundaries were entered
into a GRASS database for use in the data extraction
process. For each subbasin, SWAT selects one
meteorological station closest to the centroid of each
subbasin. Four meteorological stations were used:
Cold Springs (2936 m) (SNOTEL), Little Warm
(2933 m) (SNOTEL), Burroughs Creek (2668 m)
(SNOTEL), and Burris (1864 m) (NOAA) (Fig. 2).
Meteorological stations provided daily maximum
and minimum temperature and daily liquid precipita-
tion. Meteorological statistics required for computa-
tion of hydrometeorological processes such as ET,
pond evaporation, and vegetation growth were
obtained through the SWAT/GRASS NOAA meteor-
ological station database. Statistics extracted from the
Dubois, WY station include solar radiation, 10 year
frequency for half hour and 6 h water equivalent
precipitation, monthly maximum half-hour water
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equivalent precipitation, average monthly tempera-
ture statistics, humidity, wind speed, and number of
precipitation days per month.

5. Selection of parameters and initial simulation

Part of the original motivation for the coupling of
SWAT and the GRASS GIS was to create a hydro-
logic model that could be used in large river basins
with little to no calibration (Arnold and Allen, 1996).
Minimized calibration requirements allow model
applications in large basins where extensive input
parameter selection and calibration efforts are either
impossible because of inadequate data, or are too
uncertain or time consuming for project objectives.
While this approach is obviously inappropriate for
many models and modeling applications, there are
cases where simulations with little to no calibration
are useful. Model results must simply be interpreted in
light of this approach.

SWAT is not a parametric model requiring a formal
calibration procedure to optimize parameter values
using simulated vs. observed results. Instead, the
model was designed so that the GRASS interface
can characterize basin processes using readily avail-
able GIS databases and meteorological information,
combined with internal model libraries. Parameters
have physical meanings in the field, allowing para-
meters to be set using these databases for land use
and cover, soil type, topography, and climate statis-
tics. Several studies have demonstrated that the
GRASS GIS interface can successfully select input
parameter values for SWAT without calibration in a
wide variety of hydrologic systems and geographic
locations using the readily available GIS databases
(Manguerra and Engle, 1998; Srinivasan et al.,
1998; Arnold et al., 1999; King et al., 1999). In
cases where additional model accuracy is needed,
subsequent minor adjustment of a few parameters
may improve simulated output by accounting for
site-specific conditions. However, this fine-tuning is
optional, and is only possible where reliable data are
available.

Our model application to evaluate the potential
accuracy of SWAT for simulating snow processes in
remote mountain basins followed the conventional
approach described earlier for allowing the model

and GRASS interface to select parameter values with-
out formal calibration. A 6 year (1991-1996) hydro-
logic simulation was conducted following a 7 year
model warm up period that used data from 1990 to
1996. The warm up period established appropriate
initial conditions for groundwater and soil water
storage. Initial input parameters for the Upper Wind
River Basin were automatically extracted from the
GRASS GIS databases. Minor refinements to the
extracted data were made because the databases and
map coverages lack detail and have coarse spatial
resolution for this region. Refinements were based
on tables in the SWAT manual containing ranges of
typical values derived for soil and land cover types
from existing databases and prior research (Sammons
et al, 1995). Additional information was also
obtained from two field reconnaissance trips, soil
surveys from the Natural Resources Conservation
Service, irrigation information from the Wind River
Bureau of Indian Affairs, and related climate and
snow data available from NOAA, and from the
USGS in Salt Lake City, Utah (Naftz and Smith,
1993). A very limited amount of additional parameter
adjustment was used to determine if simulated
discharge could be improved. Values related to chan-
nel dimensions, curve numbers, soil properties, land
use, and groundwater constants were changed, one at
a time, to influence the timing and peak discharge
values of the seasonal hydrograph. Impacts on simu-
lated discharge were relatively minor, and were
related to changed curve numbers and parameters
for groundwater recession, which is consistent with
other SWAT research (Srinivasan et al., 1998).

Simulation results were compared to the observed
monthly Wind River streamflow. The primary model-
ing objectives involve snowmelt processes, and there-
fore emphasis was placed on initiation of snowmelt,
peak streamflow, time of peak streamflow, and the
recession limb. Three prominent features exist in the
seasonal flow patterns: (1) a rapid increase in stream-
flow beginning in late April, (2) peak streamflow
during late June to July followed by a slow recession
of discharge, and (3) late October—early March
discharge composed entirely of baseflow.

Results from the initial 6 year simulation demon-
strated a poor correlation to the observed streamflow,
with an average annual Nash—Sutcliffe R* of —0.70
(Nash and Sutcliffe, 1970). The difference between
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Table 1
Input parameters used for final simulation

Input parameter Value
Elevation bands 1720-2189 m
2189-2659 m
2659-3128 m
3128-3598 m
3598-4067 m
Precipitation lapse rate (dP/dZ) 0.5 mm/km
Temperature lapse rate (d7/dZ) — 5.0 °C/km

Rain/snow threshold (T) 1.0°C

Maximum melt coefficient (o) 6.5 mm/°C
Minimum melt coefficient (ay,,) 4.0 mm/°C
Snowpack temperature lag factor (8) 0.5
Snowpack temperature melt threshold 0.0°C
(Tw)

Areal snow coverage threshold: covyg 300.0 mm
Areal snow coverage threshold: covs, 0.5

the total observed and simulated streamflow (D,)
was 22.5%. Five major problems were identified
with the simulated hydrograph in Fig. 4. The rising
hydrograph limb began too early. Peak discharges
were, in general, smaller than observed discharges.
Several discharge sub-peaks were simulated instead
of one primary peak discharge. The recession limb
of the hydrograph began too early. Streamflow for
approximately 4 months of each year approached
0.0 m%s.

Much of the simulated hydrograph error was
attributed to the poor treatment of the snowmelt
process. SWAT was unable to represent the spatial
and temporal variability of climate within the basin.
The premature increase in streamflow suggested that
simulated snowmelt was occurring too early
throughout the basin. Erroneous peak streamflow
was the result of several factors: (1) improper hand-
ling of the elevation controlled temporal variability
in the snowmelt process; (2) poor simulation of
volumetric meltwater production; and (3) unrepre-
sentative precipitation data. Recession limb errors
were related to poor modeling of the temporal varia-
bility of late season snowmelt contributions from the
highest basin elevations to baseflow. Model algo-
rithm improvements were needed to better simulate
the seasonal progression of snowpack evolution and
meltwater production throughout the climate-
elevation zones.

6. Snowmelt algorithms

To improve the simulation of the hydrologic and
atmospheric processes that govern snowmelt in moun-
tainous terrain, algorithms were modified or added to
the model. The algorithms were developed to be
consistent with the original objectives for SWAT,
by permitting efficient, continuous simulation in
large ungaged basins where available data are limited
or potentially unrepresentative, and by providing
reasonably accurate simulation results without cali-
bration. The following discussion describes algorithm
additions and improvements, physical reasoning
behind algorithms, and user guidelines for the opera-
tion of the snowmelt routine.

6.1. Elevation bands

Most snowmelt runoff models handle spatial and
temporal variations due to elevation by incorporating
elevation bands or zones allowing the model to discre-
tize the snowmelt process based on basin topographic
controls (Rango and Martinec, 1979, 1994; Hartman
et al., 1999). The ability to represent up to 10 eleva-
tion bands within each subbasin was added to SWAT.
Within the subbasin input files, the average elevation
of each elevation band is entered, followed by the
percentage of the subbasin area within that band.
Five elevation bands were established for four of the
five subbasins in the Upper Wind River Basin
(Table 1). The fifth subbasin has a small elevation
range and therefore only one elevation band was
required.

6.2. Temperature lapse rate

To accurately represent temperature throughout an
elevationally diverse subbasin, a temperature lapse
rate is applied to each elevation band (Rango and
Martinec, 1979, 1994; Martinec and Rango, 1986;
Garen and Marks, 1996; Hartman et al., 1999). Atmo-
spheric temperatures within the troposphere generally
decrease with elevation. To compute a local lapse rate
for the Wind River Basin, 10 SNOTEL, one NOAA,
and one independent observing station within and
close to the Upper Wind River Basin were used to
develop a relationship between mean annual tempera-
ture and station elevation. SNOTEL stations typically
did not have temperature information until after 1989.
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Fig. 3. Wind River Basin mean annual precipitation vs. elevation.

Therefore, 1990-1996 mean annual temperatures
were used to calculate the lapse rate. The independent
observing station was installed at 3963 m beside the
Fremont Glacier in the Wind River Range by Naftz
and Smith (1993) during the period 11 July, 1990—10
July, 1991 for glaciological investigations.

A mean local basin lapse rate (d7/dZ) of —5 °C/
1000 m was calculated for use in all subbasins,
based on data from the 12 observation stations. Subba-
sin temperatures are adjusted within each elevation
band by comparing the elevation band midpoint
elevation (Zg) with the station elevation (Z). The
elevation difference is multiplied by the lapse rate to
calculate a temperature difference between the station
elevation and the elevation band. An updated eleva-
tion band mean temperature (7g) is calculated by
adding or subtracting the temperature difference to
the temperature measured at the station elevation (7).

Ty =T + (Zy — Z)dT/dZ 2)

6.3. Precipitation lapse rate

The model selects only one meteorological station
for each subbasin. Therefore, spatially heterogeneous
precipitation regimes may be poorly represented
within a subbasin. Four meteorological stations were
assigned by the model to the five-basin representation
of the Upper Wind River Basin. The four meteorological
stations were unrepresentative of the precipitation

within the basin as a whole because the basin is large
and precipitation regimes within the basin are varied.
An algorithm was developed to better represent the
actual distribution of precipitation with elevation.

The increase in precipitation with elevation has
been well documented. The actual rate of precipita-
tion increase with elevation can vary widely depend-
ing on the type of storm system and the direction of
travel (Peck, 1972). However, middle latitude (includ-
ing Wyoming) precipitation typically increases conti-
nually with elevation (Barry, 1992a). In the Colorado
Rocky Mountains, precipitation at 3200 m is nearly
six times the precipitation that occurs at the base of
the western slopes at 1750 m (Hjermstad, 1970).
Hanson (1982) showed a strong linear relationship
of increasing precipitation with elevation on both
windward and lee slopes in southwest Idaho. Hanson
also found that the strongest precipitation—elevation
relationship occurred during winter when advective
influences were greatest, whereas the convectively
enhanced precipitation in summer showed a weak
relationship to elevation.

To accommodate mesoscale and synoptic scale
orographic influences, a precipitation-lapse rate has
been added to the snowfall routine. The routine is
similar to that described by Running et al. (1987),
Bloschl et al. (1991) and Hartman et al. (1999). The
precipitation adjustment according to elevation has
been added only to the snowfall routine. Summertime
adjustment is less critical because 7 to 8 months of the
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Fig. 4. Final Upper Wind River SWAT simulated monthly streamflow prior to model modification.

year are dominated by snowfall, and according to
Hanson, summertime convective precipitation is
weakly related to elevation.

A lapse rate for annual precipitation was found by
plotting mean annual precipitation vs. station elevation.
Precipitation data from a total of 10 SNOTEL and
NOAA meteorological stations located within and
near the Upper Wind River Basin were plotted against
station elevation (Fig. 3). The slope of the elevation vs.
precipitation plot demonstrated that annual precipita-
tion increased with elevation at the rate of +0.5 mm/m.

SWAT operates on a daily time step and defines
precipitation events as the volume of precipitation
that falls in a 24 h period. Therefore, an event scale
precipitation lapse rate was derived for use at a daily
time step. The event scale lapse rate was computed by
distributing the mean annual precipitation lapse rate
(+0.5 mm/m) among all of the precipitation events
that occurred during 1 year. The model uses one preci-
pitation lapse rate value for all subbasins.

The precipitation lapse rate (dP/dZ) value for the
daily time step used in this analysis was +0.5 mm/km
per event. Adjusted precipitation in each elevation
band (Pp) is based on the difference between the
elevations of the subbasin meteorological station (Z)
and each elevation band (Zg), multiplied by the lapse
rate of +0.5 mm/km per event.

Py =P + (Zy — Z)dP/dZ 3)

6.4. Rain/snow threshold

The determination of whether the precipitation is

rain or snow is made by considering the daily mean
temperature within a subbasin. If the elevation
corrected mean daily temperature (73) within a subba-
sin elevation band is below a critical temperature (7),
then the precipitation within that elevation band is
snow. Numerous studies have shown that a threshold
temperature can be used to determine the type of
precipitation on a statistical basis. In the Himalayas,
the rain/snow threshold increases from near 1 °C at
500m to 4°C at 3500-4000 m Barry (1992b).
Many snowmelt runoff models use a critical tempera-
ture for the determination of precipitation type
(Anderson, 1973; Martinec and Rango, 1986). This
analysis uses 1 °C for Ts.

6.5. Snowpack accumulation

Snowpack is represented as snow water equivalent
(SWE). During a time step, snowpack can be
increased by the water equivalent of snowfall (Pgsp),
decreased by the release of meltwater (M), or
decreased by sublimation (Ejs):

SWE2 = SWE] + PSB - M — ES (4)

Rain is not added to snowpack since Psg is only non-
zero in Eq. (4) when Ty < Ts. Rain falling on snow
covered ground is treated the same as rain on bare
ground. When the criteria for release of meltwater
are satisfied, released meltwater is treated as rainfall.
Sublimation (Es) from the snow surface is computed
as a function of potential evapotranspiration (ET).
The meltwater released (M) in Eq. (4) will be zero
until snowpack temperature exceeds a minimum



218 T.A. Fontaine et al. / Journal of Hydrology 262 (2002) 209-223

1990 1991 1992 1993

~ 20 100 ~
S 15 Mean Daily Temperature SWE 5
© L
El 80 ¢
g 10 E
p L
£ 0 El
B .5 =
= 40 5
= -10 =
a] =
= -15 20 >
g -20 2
= 225 L —_— [} | 3 A _— J 0 72]

1994 1995 1996

Calendar Year

Fig. 5. Ten-day running mean of daily temperature and daily SWE for Cold Springs SNOTEL station (elevation 2936 m).

threshold temperature. Once this temperature is
exceeded, M is calculated based on temperature
conditions, a variable melt rate, and on the amount
of snowcover present in the catchment. These calcu-
lations are described in the following sections for
snowpack temperature, potential snowmelt, and
areal snow coverage.

6.6. Snowpack temperature

A snowpack cannot begin to melt and release water
before the entire pack has reached 0 °C. A routine has
been added which prevents snowmelt release when
the snowpack temperature (7sy) is below a threshold
(Ty), which is typically set to 0°C. Snowpack
temperature can be influenced by many local vari-
ables, including air temperature, snowpack density,
snowpack depth, and exposure. The revised snow
component assumes that snowpack temperature at
depth below the snow surface can be estimated as a
function of the mean daily temperature during the
preceding days (Anderson, 1973). The updated snow-
pack temperature (7Tsyp) is lagged based on a coeffi-
cient (B) that relates daily mean air temperature (73)
to snowpack temperature (7).

Tono = Toni (1.0 — B) + T (5)

The snowpack temperature lag factor (3) is a constant
with permissible values ranging from 0 (low reliance
on air temperature during previous days) to 1 (snow-
pack temperature is equal to mean daily air tempera-
ture). The selection of an appropriate value for 8 will
primarily depend on the depth of snowpack. Values
for B in areas typified by deep snowpack will be in the
approximate range of 0.0-0.5. Areas typified by shal-

low snowpack will have 8 values in the approximate
range of 0.5—1.0.The temperature at which the snow-
pack begins to melt (7},) is adjustable.

6.7. Potential snowmelt calculation

To accurately model the rate and volume of meltwater
released (M) during melting, a relationship between the
snowpack energy budget and melt rate must be devel-
oped. In mountainous areas, the relationship must often
be determined using temperature because complete
meteorological data for calculating an energy budget
such as humidity, radiation, and wind speed are gener-
ally not available. Fortunately, the temperature—melt
rate relationship is strong in the majority of situations
(Martinec, 1960; Martinec and Rango, 1981; Rango and
Martinec, 1995; Cline, 1997). A melt coefficient («)
relates degrees above a melt threshold 7, to the amount
of meltwater released (M).

Measures of temperature considered for modeling
snowmelt included daily mean air temperature, maxi-
mum daily air temperature, and a combination of daily
mean air and snowpack temperatures. A strong corre-
lation existed between maximum SWE and the point
at which mean air temperatures reach 0 °C (Fig. 5).
The SWE began to drop sharply, indicating the start of
the snowmelt period, near the date when mean daily
air temperature initially equaled 0 °C. In contrast,
little correlation was observed between maximum
SWE and maximum temperatures at or above 0 °C.
Therefore, the snowpack temperature (7sy) and mean
daily temperatures were used along with a melt coef-
ficient (o) to calculate potential volume of meltwater
as:

M = a((Tsx + Tp)/2) — Tin) (6)
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The melt rate from a snowpack is not a fixed value;
rather it changes in response to snowpack conditions
(Martinec and Rango, 1986). The ability of a snow-
pack to release meltwater is dependent on the snow-
pack temperature and free water content. All energy
gained by a snowpack must first be used to bring the
snowpack temperature to 0 °C. Once the snowpack is
isothermal, additional energy begins to melt snow and
increase the free water content of the snowpack. The
eventual saturation of a snowpack by free water initi-
ates meltwater release.

The most important variables affecting the melt rate
are the water content, snow surface albedo, and inten-
sity of short wave solar radiation. Snowpack densities
range widely but will typically fall between 0.20 and
0.60 g/cm’. Snow surface albedo decreases during the
melt season in response to water saturation and
increasing dust concentrations and surface detritus
(Warren and Wiscombe, 1980; Conway et al.,
1996). The intensity of short-wave solar radiation
incident and reflected on a snowpack increases as
the summer solstice approaches, resulting in warmer
ambient air temperatures and an increase in Snow
surface melt.

Solar radiation intensity is a dominant factor in the
determination of the melt coefficient in the mid-lati-
tudes. Results from the Central Sierra Snow Labora-
tory (Anderson, 1968, 1973) show that the seasonal
variation in the melt coefficient can be approximated
by a sine function. This approach defines a minimum
(apy) and maximum («,,) melt factor assumed to
occur on 21 December and 21 June, respectively.
Therefore, a sinusoidal varying melt coefficient is
used to represent the natural snowpack saturation
process. The appropriate melt coefficients will
approximately range between 0.20 and 0.60 cm/deg.
(Martinec, 1960; Martinec and Rango, 1986; Rango
and Martinec, 1995). The meltwater coefficient used
in Eq. (6) is therefore calculated as:

o= (o, + )2

+ (sin[(day of year)mw/366])(c¢px — @mn)/2  (7)

6.8. Adjustment for areal snow coverage

The actual volume of meltwater released during a
melt event depends on the potential melt volume

(Eq. (6)) and the extent of snow coverage (Shook
and Gray, 1997). During the melt season, there exists
a snowline which moves upward in elevation as melt-
ing progresses. The decrease in available snow water
during a melt season must be taken into account to
accurately estimate the actual melt volume. The rate
of snow cover depletion has been shown to be a func-
tion of how much bare ground remains covered by
snow (Anderson, 1968). Factors that are similar
from year to year, such as aspect, vegetation, and
weather patterns, define a snow cover areal depletion
curve that is unique to each area (Bloschl et al., 1991;
Elder et al., 1991; Hartman et al., 1999).

A method using an areal depletion curve has been
adopted from Anderson (1973). This method compen-
sates for reduced areal snow coverage by adjusting
potential meltwater values that are based on 100%
areal snow coverage. An areal depletion curve is a
plot of the areal extent of snow cover vs. a ratio
describing how much of the original snow water
remains. For example, for a subbasin to have 100%
snow coverage, the total SWE must remain above a
threshold SWE value. If the subbasin SWE falls below
the 100% snow coverage threshold, then a snowcover
less than 100% is assumed. Snow coverage less than
100% reduces the available melt volume. The actual
SWE threshold values will be unique to each subbasin
and will depend on factors such as vegetation distri-
bution, wind loading of snow, wind scouring of snow,
interception, and aspect.

The adopted routine adjusts the potential meltwater
(M) calculated in Eq. (6) to an actual volume of melt-
water (M,) released, based on the areal extent of snow
cover. The method uses an areal depletion curve esti-
mated as a logarithm. The curve ordinate is defined by

yy = SWE/COV]QO (8)

where yy is the fraction of snow water equivalent
relative to 100% snow coverage, SWE is the current
SWE in an elevation band, and cov,y is the SWE
threshold at which 100% snow cover exists. The
curve abscissa (cov) is the areal extent of snow
cover expressed as a fraction.

The shape of the depletion curve is fixed before
snowmelt simulation begins. The curve shape is
defined by three points that are fixed at (0.0,0.0),
(0.95,0.95), and (0.5,covsy). The curve shape is
adjusted using the input parameter covsy, which is a
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Fig. 6. Areal depletion curve.

fraction defined as the ratio of SWE at 50% areal snow
cover and SWE at 100% snow cover. Varying covs
between 0 and 1 allows the user to change the shape of
the curve and represent different areal depletion
curves depending on the area of interest. An area
typified by wide ranging snow cover depths (such
that areas devoid of snow cover exist) dictates a
value of covsy that approaches 1.0. Conversely, an
area typified by uniform snow cover depths (such
that at all times there exists a uniform snow cover)
dictates a value of covs, that approaches 0.0. An
example of a user defined areal depletion curve is
shown in Fig. 6 with the user defined coordinate
(covsp) set to 0.75.

To determine the decrease in available melt water
at each simulation time step, Eq. (8) is solved for yy.
This value of yy is used to calculate the areal extent of
snow cover (cov) as

cov = yy/(yy + exp(cov; — cov,(yy))) 9

where cov, and cov, are internally calculated points
that define the shape of the depletion curve. The
product of the areal extent of snow cover fraction
from Eq. (9) and the potential meltwater value (M)
from Eq. (6) determines the actual volume of melt-
water (M) released

My = M cov (10)

If the SWE within an elevation band drops below the
SWE threshold for 100% areal coverage, then the area
within the elevation band is not fully covered by snow
and the potential meltwater available for release is

reduced. Once the 100% areal coverage depth is
exceeded, the area within the elevation band is
completely covered with snow and the total volume
of potential meltwater is available for release. This
method inherently compensates for melt variations
due to exposure, wind loading, and scouring of snow.

7. Snow parameter selection

The snow algorithms were developed to allow
application with relatively little to no calibration
data and effort. Some values, such as Ts, Ty, @y,
and a,, were simply set based on information from
the literature. Data from remote mountain meteorolo-
gical stations were used in this study to set some of the
other parameters in the snowmelt algorithms, includ-
ing temperature and precipitation lapse rates, 3, covsy,
and covyy. These parameters could be estimated for
basins without higher elevation meteorological
stations. Minor adjustment of some of the parameters
was used to account for differences between the micro
scale climate at each meteorological station, and the
relatively large, heterogeneous areas within elevation
bands and subbasins. Table 1 contains the input para-
meter values used in the snowmelt routines for the
final Upper Wind River hydrograph simulation.

8. Final simulation and results

The 6 year hydrologic simulation of the Upper
Wind River Basin was repeated using the newly
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Fig. 7. Final Upper Wind River SWAT simulated monthly streamflow after model modification.

adopted snowmelt algorithms. All original input para-
meters remained identical to the initial simulation
with the exception of groundwater parameters. The
groundwater parameters were adjusted because of
the significant change in groundwater recharge related
to the addition of the new snowmelt algorithms. Simu-
lated and observed monthly streamflow for the 6 year
period compared very well (Fig. 7). The average
annual Nash—Sutcliffe R” efficiency between the
simulated and the observed streamflow was +0.86.
The percentage difference between the total observed
and simulated streamflow (D,) was —9.8%.

The five major problems identified in the initial
simulation were significantly improved. Initiation of
snowmelt and timing of peak streamflow were clearly
improved. Peak streamflow in 3 of 6 years was several
m?/s greater than the observed, however, percent
errors were small. Timing of the recession limbs
was accurate. Dry season baseflow simulation was
correct to within 1-3 m¥s in each year.

9. Conclusions

Although the SWAT hydrologic model was
designed with the capability of simulating up to conti-
nental scale basins, it was primarily intended for agri-
cultural regions and not for heterogeneous mountain
basins. Initial Upper Wind River modeling results
indicated limitations in the ability of the model to
handle large, snowmelt dominated, mountain basins.
The hydrologic and atmospheric processes governing
snowfall and snowmelt for this basin were identified.

With the governing processes identified and parame-
terized, hydrologic simulation of the Upper Wind
River was significantly improved.

Modeling success was attained by identifying
climatic variables that were poorly resolved by the
initial snowmelt routine. The most important issue
identified was the role of elevation in the spatial and
temporal evolution of the state of snowpack. Algo-
rithm adjustments were made to simulate the
increased volume of precipitation events observed in
areas of moderate to high elevation. Variation in air
and snow temperatures with elevation was repre-
sented in the new model algorithms. The incorpora-
tion of an adjustable meltwater production factor to
accommodate a seasonally evolving snowpack was
successful. An algorithm was added to estimate the
areal ground coverage of snow with respect to snow
depth; this modification effectively simulates a
dynamic snow line demarking the available snow
water. The revised and new algorithms were designed
to allow application to large basins with minimal to no
calibration effort and data. The modeling success
obtained in the Upper Wind River basin suggests
that SWAT has the potential to be reliably applied
to non-agricultural mountainous regions in the middle
latitudes.
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